Objective: A decline in mitochondrial function and biogenesis as well as increased reactive oxygen species (ROS) are important determinants of aging. With advancing age, there is a concomitant reduction in circulating levels of insulin-like growth factor-1 (IGF-1) that is closely associated with neuronal aging and neurodegeneration. In this study, we investigated the effect of the decline in IGF-1 signaling with age on astrocyte mitochondrial metabolism and astrocyte function and its association with learning and memory. Methods: Learning and memory was assessed using the radial arm water maze in young and old mice as well as tamoxifen-inducible astrocytespecific knockout of IGFR (GFAP-Cre TAM /igfr f/f ). The impact of IGF-1 signaling on mitochondrial function was evaluated using primary astrocyte cultures from igfr f/f mice using AAV-Cre mediated knockdown using Oroboros respirometry and Seahorse assays. Results: Our results indicate that a reduction in IGF-1 receptor (IGFR) expression with age is associated with decline in hippocampal-dependent learning and increased gliosis. Astrocyte-specific knockout of IGFR also induced impairments in working memory. Using primary astrocyte cultures, we show that reducing IGF-1 signaling via a 30e50% reduction IGFR expression, comparable to the physiological changes in IGF-1 that occur with age, significantly impaired ATP synthesis. IGFR deficient astrocytes also displayed altered mitochondrial structure and function and increased mitochondrial ROS production associated with the induction of an antioxidant response. However, IGFR deficient astrocytes were more sensitive to H 2 O 2 -induced cytotoxicity. Moreover, IGFR deficient astrocytes also showed significantly impaired glucose and Ab uptake, both critical functions of astrocytes in the brain. Conclusions: Regulation of astrocytic mitochondrial function and redox status by IGF-1 is essential to maintain astrocytic function and coordinate hippocampal-dependent spatial learning. Age-related astrocytic dysfunction caused by diminished IGF-1 signaling may contribute to the pathogenesis of Alzheimer's disease and other age-associated cognitive pathologies.
INTRODUCTION
Aging is associated with global reductions in the brain's adaptive response to injury, global increases in oxidative load [reviewed by [1, 2] ], reductions in mitochondrially-derived energy production [3] , and a related decline in neuronal and astroglial function [4e6] . Mitochondria consume approximately 90% of cellular oxygen during cellular respiration generating a constant flux of free radicals which, when dysregulated, leads to sustained oxidative stress/damage [7] . Diminished ATP levels, excessive radical production, and dysregulated apoptosis are part of the etiology of many age-related human diseases, including neurodegenerative disorders such as Alzheimer's disease [7, 8] . Insulin-like growth factor-1 (IGF-1) is a potent trophic factor, the levels of which substantially decline with age [9] . Circulating IGF-1 is reduced by w60% in advanced age while levels of IGF-1 in the cerebrospinal fluid decline by w30%. IGF-1 signals through its cognate receptor, IGFR, and is produced and secreted into the bloodstream by the liver in response to growth hormone (GH) signaling. IGF-1 ligand binding induces receptor dimerization and trans-autophosphorylation of the intracellular kinase domains thereby activating downstream signaling cascades including the prototypical PI3K/AKT pathway, which drives cell survival and growth. IGF-1 has been reported to have pleiotropic effects on various tissues and cell types across the organism in a tissue-and genderespecific manner. Deficiency of GH/IGF-1 throughout adult life has been shown to extend lifespan in many animal models including nematodes, flies, and mice [10, 11] . Conversely, reduced IGF-1 has been associated with, among others, oxidative stress [12, 13] and increased risk of cardiovascular disease [14, 15] , stroke [16, 17] , and cognitive decline [18e21] . As a result, it is necessary to study the actions of IGF-1 on specific cell types to understand the complex role of this peptide in aging and age-related disease. In addition to circulating IGF-1 produced by the liver, this peptide is also produced locally in tissues and has autocrine/paracrine actions on cells. Astrocytes play an integral role in the maintenance and modulation of neuronal health and function by supplying important trophic factors, such as IGF-1, and energy substrates necessary for neuronal function [22e24] . IGF-1 signaling regulates key aspects of astrocyte function, including glucose uptake [25e27], regulation of glutamate transport [28] , and protection from oxidative stress [29] in the brain. Reduced serum IGF-1 and its signaling in astrocytes is also associated with Alzheimer's disease progression and pathology [30, 31] . In support of the protective effect of IGF-1, decreased IGF-1 availability in the brain by ectopic expression of IGF-1 binding protein (IGFBP-1) has been shown to reduce astrocyte response to injury [32] . IGF-1 has also been shown to protect astrocytes and thereby neurons against oxidative stress [29, 33] . Moreover, astrocyte-specific overexpression of IGF-1 protects hippocampal neurons and ameliorates cognitive impairments resulting from oxidative stress due to traumatic brain injury [34] . Furthermore, a decline in astrocytic mitochondrial function is associated with memory impairments [6, 35, 36] and stroke [37, 38] . These observations demonstrate that IGF-1 regulation of astrocyte redox homeostasis is a key aspect of brain function that may be dysregulated with age. To date, however, there is little information on IGF-1 regulation of astrocyte mitochondrial energetics and redox homeostasis in astrocytes during brain aging. In this study, we investigated the role of IGF-1 signaling in astrocytic function. We show that spatial learning deficits in aged mice is associated with decreased IGFR expression in the hippocampus and increased gliosis. More importantly, astrocyte-specific knockout of IGFR in mice show impairments in hippocampal-dependent working memory. To elucidate the effects of IGF-1 signaling on astrocyte mitochondrial function, dysregulation of which is proposed to underlie tissue dysfunction during aging, we utilized primary cultured astrocytes and astrocyte-specific IGFR knockout mice. We show that astrocytes with IGFR knockout exhibit decreased mitochondrial energy charge and respiration, rounded perinuclear localization of mitochondrial networks, and increased mitochondrial ROS production accompanied by increased antioxidant response. Furthermore, IGFR deficiency in astrocytes lead to increased susceptibility to oxidant stress and impaired Ab 1À42 uptake. Finally, astrocytic knockout of IGFR in mice show impairment in hippocampal-dependent spatial learning, suggesting that targeted intervention of mitochondrial function in astrocytes may lead to improved therapeutics for age-related mitochondrial dysfunction and Alzheimer's disease.
MATERIALS AND METHODS

Animals
All procedures were approved by and followed the guidelines of the Institutional Animal Care and Use Committee of OUHSC. Young (4e6 months) and old (22e24 months) C57Bl/6 mice were obtained from the NIA colony at the National Institutes of Health and Igfr f/f (B6;129-Igf1rtm2Arge/J; loxP sites flanking exon 3) and GFAP-Cre (B6.CgTgGFAP-cre/ERT2/505Fmv/J) mice were obtained from Jackson laboratories. Mice were housed (3e4 per cage) in Allentown XJ cages with Anderson's Enrich-o-cob bedding (Maumee, OH). Igfr f/f mice were bred in house to generate experimental cohorts. These mice were housed in the Rodent Barrier Facility (RBF) at OUHSC, which is a specific pathogen free (including helicobacter and parvovirus) facility. Mice were bred on a 14-h light/10-h dark cycle and weaned mice were maintained in a 12-h light/12-h dark cycle at 21 C and were given access to standard irradiated bacteria-free rodent chow (5053 Pico Lab, Purina Mills, Richmond, IN) and reverse osmosis filtered water ad libitum. GFAP-Cre ERT2 (males) mice were bred with Igfr f/f (females) for to generate GFAP-Cre ERT2 /Igfr þ/À males, which were bred with Igfr f/f female mice to obtain the founder colony of Creþ/Igfr homozygous floxed mice. These mice were allowed to breed with Igfr f/f mice to generate experimental cohorts of Creþ and Cre-/Igfr f/f mice. Mice were injected intraperitoneally with tamoxifen (75 mg tamoxifen/kg body weight) dissolved in corn oil or sham (corn oil) only for 5 days at 3 months. Mice were allowed to recover for 2 months before behavioral assessments.
Radial arm water maze (RAWM)
Mice (young and old C57Bl/6; n ¼ 10/group) were tested for spatial learning using an 8-arm radial arm water maze. Mice were given 8 Â 60-second trials a day for 3 days to find a hidden platform in one arm of an 8-arm radial arm water maze that is 67 cm in diameter filled about 2/3 rds with an opaque liquid (water with food coloring). Animals were randomly placed in an arm other than the target arm. Mice were guided to the platform if they failed to find the target at the end of each 60-sec trial. Animal movements in the maze were recorded by a camera and tracked using an automated tracking system (Noldus Ethovision XT 11, Wageningen, Netherlands). The number of errors (number of entries into incorrect arms) and pathlength (cm; total distance traveled) to target were recorded. An error was counted when the animal had traversed 2/3 the length of the arm that did not have the platform. Similarly, GFAP-Cre ERT2 /Igfr f/f (TAM-Cre; n ¼ 11) and controls (TAMIgfr: n ¼ 10 and Sham-Cre: n ¼ 6) were tested for spatial learning in the RAWM using a working memory task. Mice were randomly placed in one arm of the RAWM and were given 4 Â 60-second trials a day (beginning at 09:00 h) to learn the location of the hidden platform that is submerged in one arm. As before, mice in the maze were tracked and their behavior assessed. The number of incorrect entries to platform were recorded as before. After the short initial learning phase of the study on day 1, the submerged platform was moved to a different arm on day 2, thereby simulating a short term/working memory paradigm [39] and mice were evaluated in the number entries into the incorrect arms recorded. Data were analyzed using SigmaPlot 10.0 (Systat Software Inc., Germany) and Graphpad Prism 6.0.
Astrocyte primary cultures
Primary astrocytes and neurons were isolated from Igfr f/f mice on postnatal day 1e3 in accordance with the approved Institutional Animal Care and Use Committees guidelines at the University of Oklahoma HSC. Astrocytes and neurons were isolated as described in [40] . In brief, following papain enzymatic digestion and trituration, cortical cells were resuspended in growth media [DMEM containing 2% NuSerum, 10% fetal bovine serum, penicillin (10 units/ml), streptomycin (10 mg/ml), and L-glutamine (29.2 mg/ml)] and seeded on 50 mg/ ml poly-D-lysine-coated at a density of 1.5 Â 10 6 /10 cm 2 plate. Cells
Original Article were fed every 3e4 days, with half of the media being replaced with fresh growth media. For astrocyte cultures, after 7 days in vitro (DIV7), cells were trypsinized and plated on to poly-D lysine coated plates at a density of 1.5 Â 10 6 /10 cm 2 plate. Cultures were treated with AAV9-CMV-GFP (GFP) or AAV-CMV-GFP-CRE (CRE) at 8 Â 10 3 GC/cell (Penn Vector Core) on day 3 for neurons and day 2 for astrocytes after splitting. Transduction efficiency was determined to be between 50 and 60% of the total cells for astrocytes and 70e80% for neurons. Increasing viral particles for better efficiency was not feasible since preliminary studies demonstrated increased toxicity from viral particle overload. Astrocytes were harvested for further analysis on day 5 post viral treatment for all experiments unless otherwise stated.
2.4. Energy charge measurements by HPLC Control (GFP) and Igfr knockout (CRE) astrocytes (n ¼ 5/group) were rinsed with ice cold 10 mM PBS, scraped into 1 ml of PBS and flash frozen in liquid nitrogen and stored at À80 C. Samples were thawed slowly on ice, vortexed vigorously for 10 s, then 300 ml of the sample was extracted with an equal volume of 300 mM potassium hydroxide. The resultant extract was centrifuged at 20,000 Â g for 15 min, then filtered and resolved by High-performance liquid chromatography and a UV/VIS diode array spectrometer used to detect AMP, ADP, and ATP [41] . For more information on HPLC procedures please see Supplementary Methods.
Mitotracker and MitoSOX staining
Astrocytes were treated with 100 nM of Mitotracker (Molecular Probes) for 30 min at 37 C, following which the cells were fixed and immunolabeled for the astrocytic marker, GFAP. Mitochondrial distribution in GFAP labeled cells was identified using confocal imaging as described in Supplementary Methods. Control and IGFR-KO astrocytes were treated with 1 mM of MitoSOX Red (Molecular Probes) for 30 min at 37 C following which astrocytes were analyzed by flow cytometry as described below.
Seahorse methods
Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured as previously described [42] using a Seahorse XF24 Flux Analyzer (Agilent Technologies). 50K cells/well were seeded in an XF24 culture plate, grown to confluency then treated with AAV-GFP, -CRE. After 5 days, the culture media was changed to DMEM supplemented with glucose, pyruvate, and glutamax, and the plate was incubated at 37 C for 1 h in a non-CO2 dry incubator. OCR and ECAR measurements of mitochondrial function were obtained using sequential injections of 1 mM oligocmycin, 1 mM FCCP, and 1 mM antimycin A. After three basal measurements of OCR and ECAR were recorded, oligomycin was injected to inhibit ATP synthase and two more measurements were recorded to assess proton leak. Next, FCCP was injected to uncouple respiration and measure maximal respiration. Finally, antimycin A was injected to measure non-mitochondrial respiration. All OCR measurements were normalized to nonmitochondrial respiration and the final values normalized to total cell numbers plated in each well as live cell numbers were not different between the groups. Reserve capacity is the difference between maximal respiration and basal respiration, while ATP-linked OCR is the difference between basal and proton leak. Data represented are n ¼ 7 repeated on 3 separate Seahorse plates.
2.7. Ab uptake Control (GFP) or Igfr knockout (CRE) astrocytes in culture were treated with 0.1 mM of human HiLyteÔ Fluor 555 e labeled Ab (1e42) (Anaspec, Fremont, CA) for 4 h in serum free media as previously described [43] . Following treatment, astrocytes were rinsed twice with 1X HBSS without calcium and magnesium, harvested with 0.25% trypsin, and spun at 1000 Â g for 10 min. The pelleted cells were resuspended in 1X HBSS with 0.1% BSA. For imaging, cells on coverslips were fixed and processed as described above in "Immunocytochemistry" methods.
Flow cytometry
Cells were analyzed by Influx Cell Sorter (BD Biosciences) for dual fluorescence with 488nm/530nm/30 and 561nm/593nm/40 (excitation/Emission/bandpass) and visualized using Summit 4.3 software (Dako Colorado, Inc, Fort Collins, CO). Fluorescence intensity was calculated as the geometric mean of the Ab-555 or MitoSOX Red (568) intensity in GFP þ cells. Unstained cells were used to gate for forward and side-scatter measurements.
Statistical analyses
All experiments were performed in multiple independent replicates per group stated for each experiment. Statistical differences between experimental groups were analyzed using a multivariate ANOVA followed by post hoc pairwise comparisons using Graphpad Prism 6.0, and Student's T-test. Heteroscedastic data were either log or square root transformed. Data are represented as the mean AE SEM. Significance is indicated by P value measurements with a P < 0.05 considered significant; *P < 0.05; **P < 0.01; ***P < 0.001. Additional methods are provided in Supplementary Methods section.
RESULTS
3.1. Age-related decline in learning is associated with reduced hippocampal IGFR expression and gliosis To assess the age-associated decline in cognitive function, we evaluated spatial learning in young (4e6 m) and old (22e24 m) C57Bl/6 mice in the radial arm water maze. Old mice made significantly more errors ( Figure 1A ) and took a longer pathlength ( Figure 1B ) to find the hidden target compared to young mice, indicating a slower rate of learning. We then harvested the brains from these mice, dissected the hippocampus, and evaluated IGFR mRNA expression. Hippocampi from old mice showed a 40% reduction in IGFR expression ( Figure 1C ) which was associated with an increase in GFAP expression, a marker for gliosis. Levels of GFAP mRNA ( Figure 1D ) were significantly increased with a 30% increase in protein expression by western blotting ( Figure 1E ) in old hippocampi compared to young. Immunohistochemical localization of GFAP ( Figure 1F ) in the hippocampi showed an increase in GFAP expression in old compared to young. Aldehyde dehydrogenase (ALDH1L1), another marker for astrocytes, showed no significant change in mRNA expression. We therefore assessed the role of IGF-1R signaling in astroglial function and learning and memory.
Astrocyte-specific IGFR knockout mice show impairments in working memory
To determine the role of astrocyte IGFR signaling in learning and memory, we generated the tamoxifen-inducible astrocyte-specific knockout mice (GFAP-Cre TAM /Igfr f/f ; TAM-Cre). We induced recombination of the floxed allele in mice expressing the Cre transgene by administering tamoxifen intraperitoneally. Sham-injected GFAP-Cre-TAM /Igfr f/f (Sham-Cre) and tamoxifen-injected Igfr f/f (TAM-Igfr) littermates were used as controls. We induced Cre expression at 3e4 months of age to avoid any compensatory developmental effects from IGFR deficiency. Astrocyte-specific IGFR knockout mice (TAM-Cre) showed a reduction (w10e15%) in hippocampal Igfr expression (Figure 2A ) compared to controls (TAM-Igfr and Sham-Cre). Hippocampal-dependent learning was assessed at 6 months of chronological age in the radial arm maze using a modified working memory task due to difficulty in parsing out learning deficiency in young mice based on our previous observations. When tested in the radial arm water maze, no differences were noted on the first day (4 trials) in number of errors ( Figure 2B ) between the controls (Sham-Cre and TAM-Igfr) and the knockout (TAM-Cre). However, using this working memory task, the TAM-Cre mice made significantly more errors compared to controls ( Figure 2C ), suggesting the inability to extinguish a previous memory and relearn the new target location. These results, for the first time, Figure 1 : Age-dependent impairment in learning is associated with decreased hippocampal IGFR expression and gliosis. C57Bl/6 young (4e6 m) and old (22e24 m) mice were tested on the radial arm water maze for spatial learning (n ¼ 10/group). Old mice showed significantly more errors (A) and pathlength (B) to target and display a shallow learning curve compared to young mice. Hippocampal IGFR (C) expression was significantly decreased, while gliosis marker, GFAP, was significantly increased (D) in old mice compared to young. Increase in GFAP protein expression is validated via western blotting (E; n ¼ 6/group) as well as by immunohistochemistry (n ¼ 3/group) in young and old mice. Scale bar ¼ 100 mm. Data are represented as the Mean AE SEM. *P < 0.05.
Original Article show the importance of IGFR signaling in astrocytes and model the loss in expression seen during brain aging.
IGFR-KO in astrocytes alters mitochondrial structure and function
To understand the molecular basis of IGFR deficiency in astrocyte function, we used primary astrocyte cultures from Igfr f/f mice to induce cell-specific knockout. This allowed us to enrich for astrocytes within our cultures with minimal numbers of other brain cells. Purity of astrocytes and neurons in culture is illustrated by western blotting and photomicrographs of cultured cells expressing GFP (Figure S1 AeB). Differentiated astrocytes were passaged once, grown to confluency, then transduced with AAV9-CMV-GFP (GFP; Control) or AAV9-CMV-GFP-CRE (CRE; IGFR-KO) viral particles, and expression of igfr was quantified using qPCR ( Figure 3A ) 5 days after infection. This methodology allowed us to investigate the effects of IGFR knockout without affecting development or ability to fully mature into an astrocyte and hence models the loss of age-related loss of IGF-1 signaling. Astrocytes transduced with CRE showed a 30e50% decline in igfr expression compared to GFP controls, mirroring the level of decline in IGF-1 signaling seen with aging. We then analyzed control and knockout astrocytes for levels of ATP, AMP, and ADP using high performance liquid chromatography (HPLC), which showed that astrocytes with igfr knockout had a w20% decline in energy charge Figure 3B ). To verify whether the changes in energy levels within astrocytes were due to changes in mitochondrial content, we quantified the mitochondrial DNA copy number using digital PCR and normalized to nuclear DNA content. Interestingly, there were no differences in mitochondrial copy numbers between the two groups ( Figure 3C ). IGFR knockout was confirmed by western blotting that showed reduction in ERK phosphorylation (Figure 3DeE ), albeit AKT (s573) phosphorylation was not changed suggesting MAPK-dependent modulation of mitochondrial function. Interestingly, we did not see differences in energy charge or mitochondrial copy numbers in neurons with a 70% reduction in igfr expression (Figures S1CeE), suggesting disparate role of IGFR in astrocytes and neurons. These results suggest that reduction in energy levels with IGFR deficiency in astrocytes may be due to either reduced availability of substrates for energy function or deficiencies in mitochondrial function.
Fused mitochondria have been reported to be a compensatory mechanism to maximize energy production [44] during stressed conditions and to dilute mitochondrial damage [45, 46] . However, fused mitochondria transiently buffer ETC dysfunction [44] and cellular stress, such as during periods of nutrient starvation and protect against autophagic degradation or mitophagy [47e49]. Prolonged stress or starvation can result in a sustained hyperfused state that ultimately results in mitochondrial dysfunction [50] . We therefore examined the morphology of mitochondrial structure using Mitotracker ( Figure 3F ). Untreated (UT; top panel) and GFP-transduced (GFP; middle panel) controls showed comparable spread of mitochondria throughout the cell. Astrocytes with IGFR knockout (CRE; bottom panel) appeared clustered and displayed a perinuclear localization. Thus, IGF-1 signaling deficiency via IGFR knockout in astrocytes or that which occurs with age from reduced circulating IGF-1 levels may confer a state of distress leading to altered mitochondrial structure and thereby function.
IGFR-KO in astrocytes decreases OCR and increases mitochondrial ROS
To further characterize mitochondrial function, we evaluated the effect of IGFR knockout on mitochondrial electron transport chain (ETC) function and oxidative phosphorylation [51] . Mitochondria were isolated from control and IGFR-KO astrocytes and mitochondrial respiration, ROS generation, and OXPHOS coupling efficiency were evaluated using O2K respirometry and fluorometry. Isolated mitochondria from IGFR-KO astrocytes showed a trend towards a decrease in oxygen consumption rate (OCR; Figure 4A ), as well as OXPHOS coupling efficiency ( Figure 4B ), which is a measure of the efficiency of the ETC to generate ATP, compared to control (GFP) astrocytes. The trends in data and lack of significance may arise from cells that were not transduced in the population of astrocytes. In the absence of exogenous substrates, mitochondria from IGFR-KO astrocytes showed significantly increased ROS, measured as the production of H 2 O 2 by Amplex UltraRed reactivity, in State 1 respiration ( Figure 4C ). With the addition of glutamate/malate (S2; complex I (CI)-linked leak respiration), ROS production was still elevated; however, the difference was not statistically significant. The transfer of electrons to oxygen from the activity of the ETC generates ROS in mitochondria. There are multiple sources of ROS within the ETC [52] , generating superoxide. Because CI, CII, and CI&II-linked respiration are reduced in the CRE, we further hypothesize that defects in IGFR-KO may be occurring later in the chain (CIII or CIV). To corroborate the increase in mitochondrial ROS in intact cells, we used MitoSOX, the live-cell permeant indicator of mitochondrial superoxide. IGFR-KO astrocytes showed increased MitoSOXRed fluorescence intensity compared to controls ( Figure 4D ). These results show that mitochondrial function is skewed towards increased ROS production with IGFR knockout. To investigate whether the steady state levels of mitochondrial proteins were altered with IGFR-KO, we examined the abundance of enzymes involved in mitochondrial metabolism by mass spectrometry. Relative abundance of Kreb's cycle enzymes (Idh1, Idh2), ATP synthase (Atp5a1, Atp5b) and others measured were not altered between groups ( Figure S2 ; Table S1 ). To further assess mitochondria and metabolic function in a live cell assay, we measured oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in astrocytes by Seahorse XF-24 ( Figure 5A ). Data from the Seahorse were normalized to total cell numbers plated per well since IGF-1 has been reported to affect protein synthesis [53, 54] . Total cell numbers per well 5 days post transduction were comparable between groups as measured by the Neutral Red uptake assay for cell viability ( Figure S3 ). Basal, ATP-linked, proton leak, and non-mitochondrial respiration were significantly reduced in IGFR-KO astrocytes compared to controls (GFP). Maximal respiration (following the addition of FCCP) showed a trending decline (P < 0.06), while reserve capacity was not different between groups ( Figure 5B ). The reduction in ATP-linked respiration was in concurrence with reduced ATP (energy charge) in IGFR-KO astrocytes reported above. Oligomycin induced ECAR, indicative of glycolytic activity, was decreased significantly in IGFR-KO astrocytes ( Figure 5C ), while basal ECAR was not different between groups. OCR to ECAR ratio of basal to maximal respiration showed decreased induction of respiratory capacity in IGFR-KO (CRE) compared to the induction in control (GFP) astrocytes ( Figure 5D ). These data suggest that IGFR-KO in astrocytes would impair ability to respond to stress stimuli and/or metabolic demand.
Increased antioxidant protein response in IGFR-KO astrocytes
The decrease in energy charge ratio reflects a relative increase in AMP levels. AMP stimulates AMP-activated protein kinase (AMPK) and its downstream signaling cascade promoting sirtuin activity. Sirtuins (SIRTs) are NAD þ -dependent protein deacetylases and function as cellular sensors of the redox status of the cell. Mitochondrial SIRT3 activity has been shown to increase under energy deficient conditions while the reverse is true during energy replete conditions. We measured sirtuin activity in the mitochondrial fractions from IGFR-KO and control astrocytes. Mitochondrial sirtuin activity was significantly higher in the IGFR-KO compared to controls ( Figure 6A ), while there was no significant difference in sirtuin activity in the nuclear fraction ( Figure 6B ). The increase in sirtuin activity is further supported by increase in NADH oxidase activity in IGFR-KO astrocytes generating NAD þ substrates from the oxidation of NADH ( Figure 6C ). These results suggest that IGF-1 signaling modulates sirtuin activity possibly through AMPK-dependent regulation of cellular stress pathways. One of the major functions of SIRT3 is to mount a mitochondrial antioxidant response. Superoxide dismutases (SOD) scavenge and reduce superoxide to H 2 O 2 , and SOD activities are promoted by SIRT-mediated deacetylation. Manganese SOD (MnSOD; SOD2) is the primary mitochondrial superoxide dismutase, while copper-zinc SOD (CuZnSOD; SOD1) is also found in the mitochondrial intermembrane space and cytosol. We investigated whether increased ROS production and sirtuin activity resulted in an increase in antioxidant response in IGFR-KO astrocytes. We measured the abundance of antioxidant proteins using mass spectrometry ( Figure 6D ). SOD2 protein abundance was elevated in astrocytes with IGFR-KO compared to controls. SOD1 levels, which are also involved in quenching of mitochondrial and cytosolic superoxide, were increased in IGFR-KO astrocytes compared to controls. The increase in SOD1 protein levels was mirrored by the increase in SOD1 activity in IGFR-KO astrocytes compared to controls ( Figure 6E ). We further evaluated the impact of increased mitochondrial ROS levels on glutathione levels, both reduced (GSH) and oxidized (GSSG) forms, using HPLC in controls and IGFR-KO astrocytes. GSH production by the enzyme glutathione reductase is induced upon oxidative stress. IGFR-KO astrocytes showed no significant change in GSH levels ( Figure S4 A), albeit GSSG levels declined (Figure S4 B) , indicating the induction of the glutathione reductase activity to reduce GSSG. These data concur with increased mitochondrial antioxidant response from underlying oxidative stress due to IGFR-KO and suggest a protective phenotype. To determine whether knockout of IGFR in astrocytes alters their susceptibility to oxidant stress, we assessed cytotoxicity to H 2 O 2 induced oxidant stress using the neutral red staining protocol as previously described [55] . No differences were found in cell viability between control and knockout groups ( Figure S3 ) under low concentrations of H 2 O 2 (0e100 mM). Cell viability was significantly reduced at 150 mM and 250 mM of extracellular H 2 O 2 and trended lower at 200 mM (P ¼ 0.06) in IGFR knockout astrocytes ( Figure 6F ). While cell numbers continued to decline with increasing concentrations of peroxide, the differences were not significant between groups beyond 250 mM. These data suggest a narrow threshold of susceptibility to oxidant stress, between 150 mM and 250 mM of extracellular H 2 O 2, in IGFR-KO astrocytes under these experimental conditions. The gradient between extracellular-to-intracellular H 2 O 2 has been reported to be 650-fold [56] , while the non-pathogenic intracellular H 2 O 2 concentration is reported to be in the range of 1e700 nM [57] . Based on the 650-fold concentration differential between extracellular/intracellular H2O2, the treatment range of 100e250 mM equates to intracellular 3.6. IGFR-KO astrocytes are deficient in glucose and Ab uptake Decreased IGF-1 signaling has been shown to confer insulin resistance thus hindering the ability of a cell to internalize and metabolize glucose [58e60]. Astrocytic uptake of glucose is essential to supply the energy needs of neurons by releasing lactate that promotes hippocampal learning and memory [61] . We tested whether astrocytes deficient in IGF-1/IGFR signaling were able to internalize a modified glucose, 2-deoxy-D-glucose (2DG). IGFR-KO astrocytes had significantly reduced 2DG6P ( Figure 7A ) levels compared to controls (untransduced and GFP transduced), which is in agreement with decreased ECAR with oligomycin in the Seahorse assessment. In addition to reduced glucose uptake, glucose transporter (Glut1) expression was also significantly reduced with IGFR-KO ( Figure S5 ). These results suggest an important role for IGF-1 signaling in regulating glucose metabolism by astrocytes, a major source of energy in the brain. One of the major functions of astrocytes is the uptake and clearance of Ab from the synapse to maintain normal brain physiology. We tested whether knockout of IGFR in astrocytes affects Ab uptake, a fundamental aspect of astrocyte function that is aberrant in Alzheimer's disease. Astrocytes with IGFR-KO and controls were treated with 100 nM of HiLyteÔ Fluor 555-labeled oligomeric human Ab 1À42 overnight, following which cells were washed and trypsinized and internalized Ab 1À42 was analyzed by flow cytometry. GFPþ/Abþ cells were separated by flow and the fluorescence intensity was quantified. Total fluorescence for Ab 1À42 was reduced in IGFR-KO compared to GFP controls ( Figure 7B ). Fluorescence intensity for Ab 1À42 (calculated as the geometric mean of Ab 1À42 -555 intensity in GFP þ cells) was significantly reduced in astrocytes with IGFR-KO ( Figure 7C ) compared to controls (GFP). Immunocytochemistry revealed reduced Ab 1À42 puncta in IGFR-KO astrocytes ( Figure 7C ). These results show that Ab 1À42 uptake is impaired in astrocytes with IGFR signaling deficiency.
DISCUSSION
Alterations in the metabolic state of astrocytes are a key underlying factor in brain aging and neurodegenerative disorders. Aging is associated with decreased glucose and oxygen metabolic rates in brain cells that is further exacerbated in neurodegenerative conditions including AD and Parkinson's disease. Importantly, reduced IGF-1 levels with age is linked to reduced cognitive function and altered glucose metabolism in a tissue-specific context. However, the specific actions of IGF-1 in astrocyte function are poorly understood. In this study, we demonstrate that learning impairments with aging is associated with a concomitant reduction in IGFR expression and increased gliosis. Furthermore, we show that astrocyte-specific knockdown of IGFR in mice show impairment in a working memory task at a younger age, deficits that have been reported with aging. Energy levels (ATP:AMP ratio) have been reported to decrease during periods of cellular stress, exercise, caloric restriction, and aging [62, 63] . Astrocyte integrity is integral to regulation of neuronal function since these cells provide energy substrates, e.g. lactate, that are coupled to neuronal activity and have been shown to improve learning and memory correlates [24, 64] . Thus, it is well accepted that glucose metabolism and mitochondrial energy production in astrocytes are represented as the mean AE SEM; *P < 0.05; **P < 0.01; n ¼ 6/group; ns ¼ not significant.
critical for the preservation of cognitive function with age. We show that IGF-1 signaling through its cognate receptor IGFR regulates astrocyte mitochondrial energy production and mitochondrial architecture. IGFR knockout in astrocytes resulted in reduced OCR and decreased energy charge through a reduction in MAPK signaling. These results are the first to directly demonstrate the regulation of astrocytic mitochondrial function is mediated by IGF-1 signaling. Our findings are supported by previous reports of regulation of ATP and glucose utilization in the brain with systemic IGF-1 replacement [65] . Furthermore, we show that IGFR knockout alters mitochondrial structure, inducing a more vesicular and perinuclear localization of the mitochondria. Interestingly, altered mitochondrial bioenergetics [8] and, specifically, altered mitochondrial structure and impaired mitochondrial fission-fusion dynamics have been linked to the progression of Alzheimer's disease (AD) [66] . Importantly, the flux between the two states is an important determinant of healthy mitochondrial function. Thus, the vesicular localization of mitochondria and increased antioxidant response in IGFR knockout astrocytes may be a compensatory mechanism in response to reduced energy. Our data suggest that reduction in IGFR signaling alters fundamental aspects of mitochondrial structure and function such that effects are detectable in isolated mitochondria and intact cells without alterations in mitochondrial genome/DNA copy numbers. Future studies exploring fission and fusion dynamics in response to IGFR knockout would likely reveal whether modulating these pathways could provide an avenue for therapeutic intervention for reduced energy with age. In addition to functional alterations in energy metabolism, mitochondria are the major source of reactive oxygen species (ROS) that impair cellular function by inducing oxidative damage to macromolecules. The contribution of insulin and IGF-1 signaling to the regulation of ROS remains controversial. Mammalian models of circulating IGF-1 deficiency have been reported to lead to reduced ROS, increased antioxidant defense systems, and resistance to stress induced mortality, yet they sustained more diquat-induced oxidative damage and tissuespecific loss of function [67e75]. Conversely, IGF-1 replacement has been shown to improve spatial memory [76] and reduce oxidation of glutathione in aged mice [77] . These studies highlight some of the controversies in the field and the importance of unraveling the cellspecific role of IGF-1 signaling and its regulation of oxidative stress in cognitive function. ROS production generally increases with age and specifically in aged astrocytes [78] contributing to dysregulation of stress response pathways that can have adverse effects on cell and [82, 83] . Chronic activation of JNK/FoxO [84, 85] or NF-kB reduce cellular function and longevity and aberrant astrogliosis; the latter mediating the glial pathology reported in neurodegenerative diseases [86] . Thus, the activation of these signaling pathways with IGFR signaling deficiency would shed light on possible targets for intervention to alleviate age-related glial pathology. Astrocytes form a complex network with astrocytic end-feet innervating both neuronal synapses and endothelial cells in the blood brain barrier facilitating the transport of glucose and other molecules to support brain function. Astrocytes have a fundamental role in glucose uptake into the brain and provide energy substrates, such as lactate, to support neuronal activity. These cells are the site of glycogen storage that is mobilized upon hypoglycemic stimulation or neuronal activity. Studies by Hernandez-Garzon and colleagues [26] report that, in response to whisker stimulation, a chronic reduction in IGFR in astrocytes results in increased glucose uptake. Although it is difficult to reconcile this study with our own, the presence of hybrid insulin and IGF receptors in the brain [6e8] and or the duration of the IGFR receptor deficiency may contribute to these differences. Importantly, the studies by Hernandez-Garzon did not investigate compensatory changes in IR or their signaling pathways. In our studies, glucose uptake was reduced in astrocytes in response to IGFR deficiency in agreement with the difference in lactate production measured by the extracellular acidification rate (ECAR) with the addition of oligomycin to inhibit ATP synthase. These findings are further supported by reports of regulation of ATP and glucose utilization in the brain with systemic IGF-1 replacement [9] . Further studies will be required to resolve the apparent differences in response to IGFR deficiency on glucose uptake and their mechanisms of action. Previous studies indicate that lactate production from glycogenolysis has an important role in memory-processing [87] . Glycogen synthesis is stimulated by IGF-1 [88] and serves as an energy reserve, which, when mobilized, supports short-term metabolic needs. However, sustained glycogenolysis and depletion of glycogen stores, as with sleep deprivation [89] , leads to impaired cognition [61] and synaptic loss [90] observed with aging and agerelated brain disorders. Reduced glycogen stores are also associated with neuronal hyperactivity and increased Ab production in AD leading to cognitive dysfunction [64] . Our data suggest that with reduced glucose uptake in IGFR deficiency may result in decreased glycogen stores that may negatively impact cognitive function. Uptake and clearance of Ab from the synapse are key functions mediated by astrocytes [91] . Accumulation of extracellular Ab forming neuritic plaques is a key determinant in the pathogenesis of AD [92] . We show that astrocytes with a knockout of IGFR are deficient in Ab 1À42 uptake indicated by flow cytometry and further confirmed by immunocytochemistry. This key finding is supported by numerous studies with IGF-1 replacement that have neuroprotective and procognitive effects in aged animal models [9,93e99] and in AD [30, 100, 101] . ATP-binding cassette (ABC) transporters, fueled by ATP, facilitate the transport of Ab across the plasma membrane through modulating cholesterol efflux [102] . Increased ABCA1 function decreases astrocytic Ab deposition, thereby reducing Alzheimer's pathology [103, 104] . Thus, the reduction in ATP levels with IGFR-KO could reduce the activity of these transporters, thereby adversely affecting Ab uptake into astrocytes and clearance across the blood brain barrier, increasing susceptibility for neuronal toxicity. Some studies report Figure 8 : Model summarizing effects of IGFR signaling deficiency in astrocytes. IGFR knockout in astrocytes alters mitochondrial structure, decreases oxygen consumption, induces antioxidant response, increases ROS production and susceptibility to oxidant stress. Decreased ATP with IGFR signaling deficiency can reduce ABC transporter (ABCA) function thereby impairing Ab uptake and clearance by astrocytes. Neuronal activity-dependent Ab release can thereby increase synaptic toxicity and loss of synapses with age and in neurodegenerative diseases such as Alzheimer's disease.
reduced Ab deposition in neuronal-specific IGFR knockout [105, 106] . Since Ab release from neurons is coupled to neuronal stimulation, dampening neuronal activity with IGFR knockdown may prove beneficial in such cases. Our data also support the disparate effects of IGFR knockout in neurons and astrocytes on ATP synthesis. While the effect of reduction in IGF-1 signaling on mitochondrial function in vivo remain to be elucidated, it is evident that IGFR signaling declines with age and is critical for hippocampal learning and memory. In conclusion, our data suggest that astrocytes may serve as key sensors of peripheral hormonal fluctuations bridging the cerebral vasculature with neuronal activity in response to endocrine status. Therefore, positive regulation of IGFR signaling and its interacting partners affecting energy metabolism and transport (Figure 8 ) may provide therapeutic targets to improve astrocytic function and alleviate age-associated pathologies, including AD.
